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CsPbBr3 is a promising candidate for highly sensitive flat-panel X-ray detectors due to its 
excellent optoelectronic properties. Thus, a method of preparing thick CsPbBr3 films (> 10 
µm) over large areas (> 10 × 10 cm2) is required. Herein, we report the fabrication of thick 
CsPbBr3 films using a scalable mist deposition method. In this method, the film thickness 
was controlled and up-scaled by the number of deposition cycles. The obtained CsPbBr3 
films were composed of highly (101)-oriented columnar crystals and had a high carrier 
mobility of 13 cm2 V−1 s−1, which is comparable to that for single crystals. 
 
A highly sensitive flat-panel X-ray detector (FPD), which enables medical X-ray imaging at 
low dose, is required to reduce the risk of cancer 1). Amorphous selenium (a-Se) is commonly 
used for the photoconductive layer because it can be prepared through simple methods such 
as thermal evaporation. However, the sensitivity of FPD using a-Se is limited due to its low 
mobility-lifetime (µτ) product of 10−6 cm2 V−1 2,3). Solution-processed lead halide perovskite 
materials 4–7) (CH3NH3PbI3, CH3NH3PbBr3, CsPbBr3, etc.) are promising candidates for the 
photoconductive layer of highly-sensitive FPDs due to their excellent optoelectronic 
properties including a high attenuation coefficient and exceptional carrier transport 
properties 8–11). C. C. Stoumpos et al. prepared melt-grown CsPbBr3 single crystals (SCs) 
with high µτ product of ~10−3 cm2 V−1 by using the Bridgman method and demonstrated that 
CsPbBr3 is a promising candidate material for X- and γ-ray detection 12). In addition, D. N. 
Dirin et al. succeeded the preparation of solution-grown CsPbBr3 SCs by using the inverse 
temperature crystallization method (ITC) and reported its µτ product of ~10−4 cm2 V−1 which 
is slightly lower than that of melt-grown CsPbBr3 SCs but higher than that of a-Se 13). 
However, it is not feasible to prepare CsPbBr3 SCs having large-area (> 10 × 10 cm2), which 
is required for FPD applications. Even CdTe SCs have not been applied to large-area FPD 
yet, although they have been already commercialized to X-ray detectors 14). Hence, 
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polycrystalline films are considered as realistic choices for the photoconductive layer of FPD 
due to their potentials for large-scale fabrication. Recently, Zhi Yang et al. reported the 
preparation of CsPbBr3 quantum dot film of 10 × 10 cm2 for large-scale application of 
perovskite optoelectronics, but its thickness (< 800 nm) is not enough to absorb X-ray 
photons 15). Over and above that, spin coating 7,16–19), layer-by-layer deposition 20), and other 
methods 21–23) have been proposed to prepare polycrystalline CsPbBr3 films. However, none 
of these methods are applicable to the preparation of thick CsPbBr3 films (> 10 µm). Besides, 
the carrier transport properties of CsPbBr3 polycrystalline films are often poor than that of 
SCs, resulting in poor device performances 24,25). Therefore, a scalable method for the 
preparation of thick CsPbBr3 films with high carrier transport properties is required to 
achieve FPD application. A mist deposition method is a good candidate due to its track 
records of large-area film fabrication 26–33) and hybrid perovskites film fabrication 34). In 
addition, this method seems to have potentials for the increase of film thickness by repeating 
fabrication process because a precursor solution is atomized and the mist is injected to the 
pre-heated underlying film, resulting in fast solvent-evaporation and the growth of the film 
without remarkable dissolution damages. 
In this work, we report the fabrication of thick CsPbBr3 films (> 20 µm) using the mist 
deposition method. The effect of the substrate temperature was studied and it was revealed 
that films formed at 150–170 °C were closely packed with (101)-oriented orthorhombic 
CsPbBr3. In addition, the film thickness was controlled and up-scaled by the number of 
deposition cycles. The obtained CsPbBr3 films were composed of highly (101)-oriented 
columnar crystals and had high carrier transport properties, which are comparable to that for 
CsPbBr3 SCs. 
CsPbBr3 films were prepared using a mist deposition method (Figure 1). A precursor 
solution, which was prepared by dissolving 50 mM CsBr (Sigma-Aldrich, 99.999%) and 50 
mM PbBr2 (Sigma-Aldrich, 99.999%) in a solvent mixture of DMSO (Wako, 99.0%) and 
DMF (Wako, 99.5%) (1:1, volume ratio), was atomized by 2.4 MHz ultrasonic vibration. 
This mist was then transported by nitrogen gas and injected from a nozzle with a rectangular 
aperture (30 × 1 mm2) to the pre-heated glass substrate (130–190 °C) as a curtain-like flow. 
The carrier gas flow rate and dilution gas flow rate were set at 0.4 and 4.6 L min−1, 
respectively. CsPbBr3 can be uniformly deposited over a wide area by passing the substrate 
under the mist flow at a constant speed. In this study, CsPbBr3 was deposited onto a reduced 
area of 25 × 6 mm2 by moving the substrate by 6 mm at a speed of 0.16 mm s−1. The 
deposition cycle was repeated to give a thick CsPbBr3 film. X-ray diffraction (XRD) spectra 
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of CsPbBr3 films were recorded using a PW 3040/60 X’Pert PRO with Cu-Kα radiation. 
Cross-sections of the films were observed with scanning electron microscopy (SEM; JSM-
6510LV, JEOL). To investigate the carrier transport properties, a Pt/CsPbBr3/carbon 
structure was fabricated as follows: a Pt thin film as an ohmic electrode was formed on an 
ITO/glass substrate (25 × 20 mm2) by sputtering deposition. The CsPbBr3 film was deposited 
onto the Pt film at 150 °C in the same way as the fabrication on glass substrates. Finally, a 
circular carbon ohmic electrode was deposited onto the CsPbBr3 film by painting carbon ink 
and heating at 100 °C for 10 min. This process was chosen to prevent the CsPbBr3 film from 
being damaged by heat or incident particles with a high energy. The active area was 
measured to be 0.07 cm2. The dark current density-voltage curve was measured with a 
Keithley 2400 Source Meter. In this measurement, carbon and Pt electrodes served as the 
anode and cathode, respectively. 
Figures 2(a)–(d) shows photographs of CsPbBr3 films formed on glass substrates at 
various substrate temperatures (130–190 °C) to examine the temperature-dependence. Clear 
orange-colored films were obtained at 150–170 °C, while frosted films were obtained at 130 
and 190 °C. The cross-sectional SEM images (Figs. 2(e)–(h)) showed that the films formed 
at 150–170 °C were composed of closely packed columnar crystals with diameters of 1–2 
µm, whereas those at lower and higher temperatures (130 and 190 °C) were composed of 
rough grains, corresponding to clear or frosted appearances (Figs. 2(a)–(d)). When the 
substrate temperature was set at 150–170 °C, the supply of precursor solution and solvent 
evaporation seemed to be well-balanced, resulting in the formation of high-quality films. 
The XRD patterns of the films corresponded to that of orthorhombic CsPbBr3 12) (Fig. 2(i)). 
It is known that CsPbBr3 exists in an orthorhombic structure at room temperature, with phase 
transitions to tetragonal and cubic structures at 88 °C and 130 °C, respectively12). The films 
can be identified as an orthorhombic structure due to the specific peaks, such as (201) at 2θ 
= 24.2°. The bandgap of the film derived from the visible absorption spectrum (Fig. 2(j)) 
was 2.33 eV, in agreement with the value reported for CsPbBr3 7,35,36). These results showed 
that CsPbBr3 films were indeed obtained using the mist deposition method. Interestingly, the 
films formed at 150–170 °C were composed of highly (101)-oriented columnar crystals (Figs. 
2(f), 2(g), and 2(i)). Columnar growth should be preferable because it creates few grain 
boundaries that cross the charge collection route, thus 150 °C was selected as the substrate 
temperature in the following sections. 
The number of deposition cycles (N) was increased to fabricate thick CsPbBr3 films. The 
film thickness increased in proportion to the number of deposition cycles (Figure 3(a)), 
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showing that the film thickness was controlled effectively in this method. In addition, 
columnar crystals continued growing while maintaining their structure (Figs. 3(b)–(d)). 
The carrier transport properties of the CsPbBr3 film in the direction vertical to the 
substrates were determined through space-charge limited current (SCLC) measurements 37) 
with an ohmic device (Pt/CsPbBr3/Carbon). In the current density-voltage (𝐽𝐽 ≈ 𝑉𝑉𝑛𝑛) curve, 
ohmic (n = 1), trap-filling (TFL, n > 3), and Child (n = 2) regions were observed (Figure 4). 
The resistivity (R) was calculated from the ohmic region and the trap density (ntrap) was 
calculated using the equation: 
𝑛𝑛trap = 2𝑉𝑉TFL𝜀𝜀𝜀𝜀0𝑒𝑒𝐿𝐿2           (1) 
where VTFL is the trap-filled limit voltage, L is the film thickness of 27.7 µm (measured from 
cross-sectional SEM image of this sample), ε0 is the vacuum permittivity, e is the electron 
charge, and ε is the relative dielectric constant for CsPbBr3 (~23.9 35)). The mobility (µ) was 
calculated from the Child region following Mott-Gurney’s equation: 
𝜇𝜇 = 8𝐽𝐽𝐷𝐷𝐿𝐿3
9𝜀𝜀𝜀𝜀0𝑉𝑉2
          (2) 
where JD is the current density. The results of the SCLC measurements are summarized in 
Table I with previous reports. The resistivity (R) is 1.4 GΩ cm, which is comparable to that 
for solution-grown CsPbBr3 SCs38,39) and expected to contribute to the suppression of noise 
current. The trap-filled limit voltage (VTFL) is 0.37 V for this sample and the trap density 
(ntrap) calculated from Equation (1) is 1.3 × 1012 cm–3, which is relatively higher than that for 
CsPbBr3 SCs but lower than that for polycrystalline films 40,41). In addition, the mobility (µ) 
calculated from Equation (2) is 13 cm2 V−1 s−1, which is comparable to that for CsPbBr3 SCs 
35,38) and higher than that for high-quality CsPbBr3 thin films40). Generally, the mobility of 
polycrystalline films is lower than that for single crystals due to the grain boundaries. In the 
case of CH3NH3PbI2Cl polycrystalline films, the dramatical deterioration of the mobility 
with increasing grain boundaries has been reported 42). However, the CsPbBr3 films 
fabricated by the mist deposition method had high carrier mobility. We speculate that reason 
as follows. As shown in the inset of Fig. 4, in the (101)-oriented CsPbBr3 films, the [PbBr6]4− 
octahedrons align in the direction of charge collection and the Br-Pb-Br continuous bonds 
form straight chains, leading to effective carrier transport 35). In addition, the columnar 
growth created few grain boundaries to disturb carrier transport. Both (101)-orientation and 
columnar growth seemed to contribute to the high carrier mobility. 
In conclusion, a mist deposition method was successfully applied for the fabrication of 
thick CsPbBr3 films. Highly (101)-oriented CsPbBr3 films composed of columnar crystals 
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were obtained in a temperature range of 150–170 °C. Furthermore, the film thickness was 
controlled and up-scaled by the number of deposition cycles. The CsPbBr3 film had excellent 
carrier transport properties comparable to single crystals, such as the mobility of 13 cm2 V−1 
s−1. Therefore, the application of CsPbBr3 films to FPDs will be proceeded using mist 
deposition method. 
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Fig. 1. Schematic image of the mist deposition method.  
 
Fig. 2. (a)–(d) Photographs and (e)–(h) cross-sectional SEM images of the CsPbBr3 films 
formed at (a, e) 130, (b, f) 150, (c, g) 170, and (d, h) 190 °C. Scale bars are 5 µm. (i) XRD 
patterns of films formed at 130–190 °C, (j) Tauc plot for the film formed at 150 °C.  
 
Fig. 3. (a) Relation between the film thickness and the number of deposition cycles, N, (b)–
(d) cross-sectional SEM images of films formed at deposition cycles of (b) 10, (c) 30, and 
(d) 50. Scale bars are 10 µm. 
 




Table I Carrier transport properties and size comparisons of CsPbBr3 from previous reports. 
Method Structure Size R [GΩ cm] 
ntrap [cm−3] µ [cm2 V−1 s−1] 
Ref. 
electron / hole electron / hole 
Bridgman SC φ 24 mm × 90 mm – 1.08 × 109 / – 11.61 / – 35) 
Bridgman SC φ 25 mm × 70 mm – – / 1.2 × 109 2290 / 2060 43) 
ITC SC 3 mm × 2 mm × 1 mm 0.1 1.1 × 1010 / 4.2 × 1010 52 / 11 38) 
AVC* SC 42 mm × 5 mm × 3 mm 2.1 – – / 143 39) 
Spin-coating thin film – – 1.40 × 1016 – 41) 
Spin-coating porous film 40 mm × 40 mm × <1 µm – 3.07 × 1012 9.27 40) 
Mist deposition thick film 25 mm × 6 mm × 28 µm 1.4 1.3 × 1012 13 This work 
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